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Abstract 
ABSTRACT 
Nowadays, the requirements demanded to many of the parts used in such industries as the 
aeronautic or the automotive industry are increasingly higher: more complex shapes, 
previously unimaginable, lower and lower radii, impossible geometries, etc., all of this 
combined with high values of mechanical strength, corrosion resistance, impact absorption, 
fatigue resistance, etc. In addition, the increasingly more severe environmental regulations 
regarding the minimization of the CO2 emissions as well as the increase in energetic 
efficiency claim for lightweight materials able to lighten the currently known structures 
without penalizing their mechanical properties, i.e., materials of high specific mechanical 
properties. High specific strength steels, some aluminium alloys and some magnesium 
alloys are within this category. All of these materials answer properly the requirements of 
high mechanical properties and low weight; however, all of them exhibit a low formability 
at room temperature, so they are not able to answer the current geometric requirements. 
To answer both requirements simultaneously (high mechanical properties and complex 
geometries), new advanced forming process to manufacture materials of high mechanical 
properties have been researched; that is the case of the hydroforming processes. 
Strategies of increasing forming temperature are used in order to increase the formability 
of the materials of high specific strength; in the case of the previously mentioned processes, 
this leads to the so-called Warm Hydroforming (WH). It is a process currently under 
research so the development and improvement possibilities are many: identification of 
optimal process parameters, development of working methodologies, optimization of process 
times, identification of process control strategies, etc. 
Thereby, this thesis answers some of those development and improvement possibilities of 
Warm Tube Hydroforming processes (WTHF); the research is focused on the application of 
those kinds of processes to 6xxx series aluminium alloys (6082 alloy to be precise) in a 
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tubular format; these alloys have high specific mechanical properties and they are 
currently used in the automotive industry. 
The correct characterization of the material to be formed is a key factor for the development 
and improvement of WTHF processes. Therefore, in order to understand better the material 
behaviour, in the first stage of this research the manufacturing process of the raw material 
is analysed and its dimensional tolerances are verified; besides, the material is also 
characterized by means of conventional testing techniques: hardness, uniaxial tensile test 
and microstructural analysis. In a parallel way, that alloy is characterized by means of a 
specific test for hydroforming processes: the so-called bulge test, hydraulic bulge test or 
biaxial free expansion test, where an incremental analytical model is applied to calculate 
the thickness of the tube. The differences observed between the results achieved by means 
of the uniaxial and the biaxial way show the need to develop specific hydroforming tests for 
material characterization. On the other hand, that characterization is carried out for 
different material conditions of thermal treatment, thickness, strain rate and temperature. 
This helps to the selection of the optimal forming conditions for this alloy: annealed 
condition, 2 mm thickness and 250ºC temperature. 
In a second stage, in order to predict the maximum formability of the material in the 
process (without failure), different failure criteria representative of the material and the 
process are applied to the finite element analysis (FEA) of the thermo-mechanical problem; 
this analysis allows to identify the values of the input variables of the process as well as the 
optimal control strategies. Besides, by means of the application of different analysis 
procedures to simple problems (bulge test) and complex problems (WTHF process) a 
simulation methodology is developed for these kinds of processes. In a parallel way, thanks 
to the acquired knowledge of material and simulation, different numerical models and 
analysis strategies are developed for the FEA of WTHF processes. 
Once the inputs of the process are obtained through FEA, they are applied to the 
hydroforming of a generic part of aluminium alloy. By means of an iterative trial-and-error 
process, a working methodology is developed for these kinds of processes as well as the 
optimal values of the process variables and the control strategies are identified. Finally, 
once the desired part is achieved, through the comparison of the FEA prediction and the 
experimental results, the validity and accuracy of the numerical models developed for 
WTHF processes is discussed. 
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Resumen 
RESUMEN 
Hoy en día, los requerimientos exigidos a muchas de las piezas empleadas en sectores tales 
como el aeronáutico o el de automoción son cada vez mayores: formas cada vez más 
complejas, anteriormente inimaginables, radios cada vez más pronunciados, geometrías 
imposibles,… todo esto unido a elevados valores de resistencia mecánica, resistencia a la 
corrosión, absorción de impacto, resistencia a fatiga,… Asimismo, las cada vez más 
exigentes normativas medioambientales relativas a la reducción de emisiones de CO2 así 
como al incremento de la eficiencia energética, demandan materiales de bajo peso capaces 
de aligerar las estructuras actualmente conocidas sin detrimento de sus propiedades 
mecánicas, es decir, materiales de elevada resistencia específica. Dentro de este último 
grupo se encuentran los aceros de alta resistencia, ciertas aleaciones de aluminio y ciertas 
aleaciones de magnesio. Todos estos materiales responden adecuadamente a los 
requerimientos de elevadas propiedades mecánicas y bajo peso; sin embargo, todos ellos 
presentan una baja conformabilidad a temperatura ambiente, con lo que no son capaces de 
responder a los requerimientos geométricos actuales. 
Para conseguir dar respuesta a ambos requerimientos simultáneamente (elevadas 
propiedades mecánicas y geometrías complejas), nuevos procesos de conformado avanzados 
para la transformación de materiales de elevadas propiedades mecánicas han sido (y siguen 
siendo) investigados; tal es el caso de los procesos de hidroconformado. 
Para elevar la conformabilidad de los materiales de elevada resistencia específica se acude 
a estrategias de aumento de la temperatura de conformado; en el caso de los procesos 
anteriormente mencionados, esto da lugar a lo que se conoce como hidroconformado a 
temperaturas moderadas. Por tratarse de un proceso actualmente en fase de investigación, 
las posibilidades de desarrollo y mejora son varias, entre ellas: identificación de parámetros 
de proceso óptimos, desarrollo de metodologías de trabajo, identificación de materiales 
óptimos para ser conformados mediante esta tecnología, optimización de ciclos de proceso, 
identificación de estrategias de control del proceso,… 
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En este sentido, esta tesis da respuesta a varias de esas posibilidades de desarrollo y 
mejora de los procesos Warm Tube Hydroforming (WTHF); el estudio se centra en la 
aplicación de este tipo de procesos a las aleaciones de aluminio de la serie 6xxx (en concreto, 
la 6082) en formato tubular, por tratarse de aleaciones de elevadas propiedades mecánicas 
especificas así como por utilizarse actualmente en la industria de la automoción. 
Una de las claves para el desarrollo y mejora de los procesos WTHF es la correcta 
caracterización del material a conformar. Por tanto, de cara a comprender mejor su 
comportamiento, en una primera etapa se estudia el proceso de obtención del material y se 
verifican sus tolerancias dimensionales; asimismo, se caracteriza a través de ensayos 
convencionales: dureza, tracción uniaxial y análisis microestructural. De manera paralela, 
esta aleación se caracteriza a través de un ensayo específico de los procesos de 
hidroconformado: el ensayo biaxial de expansión libre o bulge test, para el cual es necesario 
la aplicación de un método incremental de cálculo del espesor del tubo. Las diferencias 
observadas entre los resultados alcanzados de manera uniaxial y biaxial muestran la 
necesidad del desarrollo de ensayos de caracterización de material específicos para este tipo 
de procesos. Por otro lado, esta caracterización se lleva a cabo para diferentes condiciones 
de tratamiento térmico del material, espesor, velocidad de deformación y temperatura. Esto 
ayuda a la selección de las condiciones óptimas de conformado de esta aleación: estado 
recocido, 2 mm de espesor y 250ºC de temperatura. 
En un segunda etapa, de cara a predecir la capacidad máxima de deformación del material 
en el proceso (sin fallo), diferentes criterios de fallo representativos del material y del 
proceso se implementan en el análisis por elementos finitos del problema termomecánico; 
este análisis permite identificar los valores de las variables de entrada de dicho proceso así 
como las estrategias de control óptimas. Asimismo, a través de la aplicación de diferentes 
procedimientos de análisis tanto a problemas sencillos (bulge test) como a problemas 
complejos (proceso WTHF) se desarrolla una metodología de simulación para este tipo de 
procesos. Paralelamente, apoyándose en el conocimiento de material y de simulación 
adquirido, se desarrollan diferentes modelos numéricos y estrategias de simulación para el 
análisis de procesos WTHF. Una vez obtenidas las entradas del proceso mediante 
simulación, se aplican al hidroconformado de una pieza genérica en aleación de aluminio. A 
través de un proceso iterativo prueba-error se llega al desarrollo de una metodología de 
trabajo para este tipo de procesos así como a la identificación de los valores de las variables 
y de las estrategias óptimas para llevar a cabo este tipo de procesos. Por último, una vez 
obtenida la pieza deseada, a través de la comparación de la predicción hecha por la 
simulación con los resultados experimentales, se analiza la validez y precisión de los 
modelos numéricos desarrollados para los procesos WTHF. 
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Laburpena 
LABURPENA 
Gaur egun, aeronautika eta automobilgintza sektoreetan erabiltzen diren pieza askori 
eskatzen zaizkien eskakizunak geroz eta zorrotzagoak dira: geroz eta forma 
konplexuagoak, lehen imajinaezinak, geroz eta erradio nabarmenagoak, ezinezko 
geometriak… Horri guztiari beste hauek ere gehitu behar zaizkio: erresistentzia mekaniko 
altua, korrosioarekiko erresistentzia, inpaktu xurgatzea, nekearekiko erresistentzia… 
Halaber, CO2 isurketak gutxitzera eta energi eraginkortasuna hobetzera bideratutako 
ingurumen arauek pisu gutxiko materialak eskatzen dituzte, gaur egun ezagutzen ditugun 
egiturak arintzeko gai izango direnak, baina propietate mekanikoak galdu gabe: 
erresistentzia espezifiko handiko materialak. Hain zuzen ere, azken multzo horren barruan 
erresistentzia handiko altzairuak, hainbat aluminio aleazio eta hainbat magnesio aleazio 
daude. Material horiek guztiek egoki erantzuten dizkiete propietate mekaniko handiak eta 
pisu gutxi izateko eskakizunei; aitzitik, giro tenperaturan konformagarritasun txikia dute 
eta ondorioz, ez dira gai gaur egungo eskakizun geometrikoei erantzuteko. 
Bi eskakizun hauei batera erantzun ahal izateko (propietate mekaniko handiak eta 
geometria konplexuak), propietate mekaniko handiko materialen transformaziorako 
konformazio prozesu aurreratuak ikertu izan dira (eta ikertzen ari dira); hidrokonformazio 
prozesuaren kasua adibidez. 
Erresistentzia espezifiko handiko materialen eta konformagarritasuna handitzeko 
erabiltzen den estrategia, konformazio tenperaturaren igotzea dira. Aurretik aipatutako 
prozesuen kasuan honek, tenperatura moderatuetan hidrokonformazio izena hartzen du. 
Gaur egun, ikerketa fasean dagoen prozesu bat denez, garapen eta hobekuntza aukerak 
asko dira, hala nola: prozesuetako parametro hoberenak identifikatzea, lan metodologien 
garapena, teknologia honen bidez konformatu daitezkeen material hoberenak 
identifikatzea, prozesu zikloen optimizazioa, prozesua kontrolatzeko estrategiak 
identifikatzea,…  
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Zentzu honetan, tesi honek Warm Tube Hydroforming (WTHF) prozesuen garapen eta 
hobekuntza aukerei erantzuten die; azterketa tutu-formako 6xxx serieko (zehazki 6082) 
aluminio aleazioei aplikatutako prozesu motetan zentratzen da, propietate mekaniko 
espezifiko handiko aleazio motak direlako, eta baita, automobil-industrian erabiltzen 
direlako ere.  
WTHF prozesuak garatu eta hobetzeko gakoetako bat konformatu beharreko materialaren 
karakterizazio egokia egitea da. Hortaz, bere portaera hobeto ulertzeko, hasiera batean 
materiala lortzeko prozesua ikertzen da eta bere perdoi dimentsionalak egiaztatzen dira; 
halaber, ohiko entseguen bidez karakterizatzen dira: gogortasuna, trakzio uniaxiala eta 
mikroegituren azterketa. Modu paraleloan, aleazio hau hidrokonformazio prozesuen 
entsegu espezifiko bidez karakterizatzen da: hedapen libreko entsegu biaxiala edo bulge 
test, zeinetan metodo inkremental bat aplikatu behar den hodiaren lodiera kalkulatzeko. 
Modu uniaxialan eta biaxialan lortutako emaitzen artean antzematen diren 
ezberdintasunek, prozesu hauetarako materialaren karakterizazio entseguak garatzeko 
beharra erakusten dute. Beste alde batetik, karakterizazio hau egiten da materialaren 
tratamendu termiko, gogortasunerako, deformazio abiadura eta tenperatura ezberdinetan 
egiten da. Honek aleazio hau konformatzeko baldintza hoberenak aukeratzen laguntzen du: 
suberaketa egoera, 2 mm-ko lodiera eta 250ºC-ko tenperatura. 
Hurrengo etapan, materialak prozesuan gehienez ere izango duen deformazio ahalmena 
aurreikusteko xedearekin (akatsik gabe), materialaren eta prozesuaren erakusleak izango 
diren akatsari buruzko hainbat irizpide inplementatzen dira arazo termomekanikoa den 
analisi horretan, elementu finituen bidez; analisi horrek aukera ematen du prozesuaren 
sarrerako aldagaien balioak eta kontrolerako estrategia ezin hobeak identifikatzeko. 
Halaber, azterketak egiteko hainbat prozedura aplikatuz, bai problema errazei (bulge test) 
bai problema konplexuei (WTHF prozesua), simulazio metodologia bat garatzen da prozesu 
mota hauetarako. Paraleloki, materialaren eta simulazioetatik jasotzako ezagutzarekin, 
WTHF prozesuen azterketarako eredu numerikoak eta simulazio estrategiak garatzen dira. 
Behin prozesuaren sarrerak simulazio bidez jaso ondoren, aluminio aleaziozko pieza 
generiko bati hidrokonformazioa aplikatzen zaio. Akats-proba prozesua errepikatuz, 
prozesu mota honetarako lan metodologia bat garatzen da, eta prozesu hau gauzatzeko 
aldagaien balio eta estrategia ezin hobeak identifikatzen dira. Azkenik, nahi dugun pieza 
lortutakoan, simulazioaren bidez lortu ditugun aurreikuspenak eta emaitza 
esperimentalak konparatuz, WTHF prozesuetarako garatutako eredu numerikoen 
baliagarritasuna eta zehaztasuna aztertzen dira. 
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max  subscript: applies to maximum values of variables (e.g., max  is the maximum stress) 
min  subscript: applies to minimum values of variables (e.g., min  is the minimum stress) 
h  subscript: applies to hydrostatic values of variables (e.g., h  is the hydrostatic stress) 
1  subscript: applies to values of variables measured in the tensile direction (e.g., 1  is the stress in 
the tensile direction) 
  subscript: applies to circumferential values of variables (e.g.,   is the circumferential strain) 
  subscript: applies to longitudinal values of variables (e.g.,   is the longitudinal strain) 
0  subscript: applies to initial values of variables (e.g., 0  is the initial strain) 
t  subscript: applies to thickness values of variables (e.g., t  is the strain in the thickness direction) 
t  superscript: applies to total values of variables (e.g., t  is the total strain) 
el  superscript: applies to elastic values of variables (e.g., el  is the elastic strain) 
pl  superscript: applies to plastic values of variables (e.g., pl  is the plastic strain) 
  superscript: applies to equivalent values of variables (e.g.,   is the equivalent strain and pl is the 
equivalent plastic strain) 
  superscript: applies to differentiated values of variables (e.g.,   is the strain rate) 
pr  superscript: applies to predictor values of variables (e.g., pr  is the predictor equivalent stress) 
t : tube thickness (bulge test) 
 : tube radius (bulge test); material density 
h : tube height (bulge test) 
w : tube width (bulge test) 
eR : die corner radius (bulge test) 
l : tube length (bulge test) 
 : strain 
 : stress 
y : yield stress 
UTS : ultimate tensile strength or ultimate strength 
E : Young’s modulus 
 : Poisson’s ratio 
K : bulk modulus 
G : shear modulus 
S : deviatoric stress 
ij : Kronecker delta 
k : material’s constant (e.g., Hollomon’s constant) 
n : material work hardening coefficient 
r : material anisotropy coefficient 
m : material strain rate sensitivity coefficient 
 : Wagoner’s temperature influence coefficient 
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t : temperature influence coefficient 
,  iA m : Hansel-Spittel’s coefficients 
T : temperature 
t : time 
qt : quenching time 
intS : intensifier surface 
intD : intensifier diameter 
P : load 
I : internal load 
F : viscous forces 
M : mass matrix 
*M : artificial mass matrix 
,  c  : damping factor 
,  u  : nodal velocities 
u : nodal displacements 
u : nodal accelerations 
cC : critical value of failure 
f : strain at when the failure occurs 
N : number of degrees of freedom 
n : number of steps in the simulation 
e : effective plastic strain 
 : material thermal conductivity 
,  pc c : material specific heat 
 : material thermal expansion coefficient 
ch : convection coefficient 
Nu : Nusselt number 
Ra : Rayleigh number 
Gr : Nusselt number 
Pr : Prandtl number 
Re : Reynolds number 
 : compressibility coefficient 
 : cinematic viscosity 
 : dynamic viscosity; Coulomb’s friction coefficient 
fF : friction force 
nF : normal force 
p : contact pressure 
h : overclosure 
D : diameter  
g : acceleration of gravity 
k : thermal conductivity of the air 
L : characteristic length 
q : flow rate 
m : mass 
V : fluid volume 
V : cavity volume 
W : work 
w : work per unit volume 
 : virtual work 
  : incremented virtual work  
sF : dies closing force 
,  ip p : inner pressure 
aF : axial force 
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mR : engineering tensile strength 
fk : equivalent flow stress 
HV : Vickers Hardness 
FV : field variable 
SDV : solution dependent state variable 
WH : Warm Hydroforming 
WTHF : Warm Tube Hydroforming 
THF : Tube Hydroforming 
FEA : Finite Element Analysis 
FEM : Finite Element Method 
FLD : Formit Limit Diagram 









In this chapter, an overall view of the current thesis is presented. First of all, the 
framework of the thesis and the motivation to carry out this research is presented; this is 
detailed in the following points: 
 Materials of high mechanical properties: lightweight alloys. 
 Advanced metal forming processes: tube hydroforming. 
 Warm tube hydroforming of lightweight alloys. 
Then, the research objectives of the thesis are presented. The main objective of this thesis is 
the development and improvement of warm tube hydroforming processes of aluminium 
alloys; to accomplish that general purpose, some specific objectives are also detailed. 
Finally, the working methodology is depicted; the main stages of the thesis are briefly 
presented and discussed at this section. 
The current thesis has been carried out within the research group ‘Advanced Material 
Forming Processes’ and it has been developed within the PhD program ‘Mechanical 
Behaviour and Materials’ at the University of Mondragon. This thesis has been financially 
supported by the Department of Education, Universities and Research of the Basque 
Government and by the Ministry of Science and Innovation of the Spanish Government. 
I.1 Thesis framework and motivation 
I.1.1 Materials of high mechanical properties: lightweight alloys 
Nowadays, lightweight alloys such as aluminium alloys are very interesting for the 
automotive industry due to their high strength per weight ratio when compared with the 
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steels normally used. For applications in shell structures with the lightweight construction 
criteria of dent resistance and shell stiffness, aluminium shows much better properties 
than steel because shells with the same area weight have a higher wall thickness due to 
their lower density [Kleiner 2003]. 
When thinking of lightweight structural components it is recommended to use materials 
with high specific mechanical properties; among all of them, 6xxx series aluminium alloys 
are ones of the most attractive alloys due to their optimal characteristics of low weight, 
elevated corrosion resistance and high strength, among others. Magnesium and silicon are 
the main alloying elements of 6xxx series alloys; these elements are combined to form 
Mg2Si precipitates after a heat treatment process and therefore the strength levels are 
increased. These alloys are known as precipitation hardening alloys or high strength heat 
treatable alloys [Hatch 1984, Kleiner 2003]. 
I.1.2 Advanced metal forming processes: tube hydroforming 
Hydroforming is one of the most advanced metal forming processes, which involves the use 
of extremely high fluid pressure to deform metal into shapes that otherwise would have 
been unobtainable using conventional manufacturing processes [Singh 2003, Ray 2004]. In 
recent years, this technique has found a large and rapid growth thanks to its many 
advantages with respect to conventional processes: parts weight reduction, tighter 
dimensional tolerances, fewer secondary assembly operations, lower production costs, 
manufacturing of very complex shapes and reduction of secondary processes (such as 
welding) [Golovashchenko 2004, Tolazzi 2010]. 
A general classification can be drawn between hydroforming processes depending on the 
initial shape of the raw material: tube hydroforming and sheet hydroforming processes. 
Today, predominantly tubular material is considered for the production of hydroformed 
parts; hydroforming of sheet material has been up to now mainly used for small batch 
production due to its comparatively high cycle time [Hartl 2002]. 
In tube hydroforming processes, the initial workpiece is placed into a die cavity which 
corresponds to the final shape of the component (Fig. I-1). The dies are closed under the 
force Fs, while the tube is internally pressurized by a liquid medium that expands the 
tubular component (internal pressure pi) and axially compressed by sealing cylinders to 
force material into the die cavity (axial force Fa). Thus, the component is formed under the 
simultaneous controlled action of pi and Fa. The process control should be suitable to avoid 
failures such as wrinkling, buckling and bursting [Hartl 2005]. 
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Hydroforming by pressurisation 
and axial feeding
















Fig. I-1. Tube hydroforming process [Hartl 2005]. 
The main variables of conventional THF processes are the tube material, the tube inner 
pressure, the axial feeding and the friction between the tube and the dies: 
 Material. The material itself is a variable of any hydroforming process in the 
same way as in any other metal forming process; material kind, alloy, material 
supplier, differences between batches of the same material, etc. can highly affect 
the final part because they have an influence on the process window [Esnaola 
2009a]. 
 Inner pressure. It expands the tube until it takes the shape of the die cavity, 
which corresponds to the final shape of the component. Normally, two stages are 
distinguished at hydroforming processes: the expansion stage (at low pressure) 
and the calibration stage (at high pressure). This minimizes the effect of the 
friction, feeding the material during the expansion stage [Dohmann 1993, Asnafi 
1999, Aue-u-lan 2004]. 
 Axial feeding. Material is feeded at the expansion stage from the tube ends to 
the expansion areas to supply the volume variation of the part at those areas. A 
deficient feeding can give a severe thinning of the part at those areas while an 
excessive feeding can lead to wrinkling in the final part [Esnaola 2009a]. 
 Friction. Friction affects to the movement of the tube at the contact area with the 
die which determines the quality of the surface and the thickness distribution of 
the hydroformed part; this parameter can highly affect the required pressure and 
axial feeding to hydroform a right part [Aue-u-lan 2007]. 
Nowadays, the applications of this technology cover a wide field, from the conventional 
hydroformed car parts made of steel, like axis or frames [Gestamp Automoción 2010], to the 
novel metallic liners used for hydrogen storage [Gelin 2006, Gelin 2007]. Many examples of 
metallic parts that are currently made by this technology can be found; regarding non-
structural components, tubular hydroformed parts have been successfully installed in 
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different cars as exhaust and intake systems or cooling pipes [Tolazzi 2010, Micron North 
America 2010] (Fig. I-2). 
 
Fig. I-2. FIAT FGP 1910 8V e 16V motors cooling tube (left) [Tolazzi 2010]. Exhaust pipe of Suzuki 1300 
Hayabusa 2008 (right) [Micron North America 2010]. 
Regarding structural applications in the automotive industry, different tubular 
hydroformed structural components have been successfully installed in some chassis cars, 
like suspension frames, cross members and engine cradles (Fig. I-3). 
 
Fig. I-3. Hydroformed tubes and profiles in the new Opel GT (GM Kappa platform) (left) [Tolazzi 2010]. 
Ford F-150 pickup frame made of hydroformed tubes and profiles (right) [Dana 2010, Ford Motor 
Company 2010]. 
Regarding body in white (BIW) applications, a research on this topic was carried out in the 
early 2000s within the European Research Project HYDROTUBE (Reduction of CO2-impact 
by weight reduction achieved by bending and hydroforming of steel and aluminium tubular 
parts for body and chassis applications), which came out with the prototype of an A-pillar 
reinforcement realised by bending and hydroforming a conical tube. As shown in Fig. I-4, 
this demonstrative part could replace the 10 sheet metal parts and the bent tube used in 
the original product taken as reference, maintaining the same structural performance 
[HYDROTUBE 2000]. 
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Fig. I-4. Comparison between a conventional A-pillar (left) and a hydroformed A-pillar (right) made in 
aluminium alloy AA5182 [HYDROTUBE 2000]. 
At the present time, there is a come back of tube hydroforming for BIW applications; e.g., 
the multi-material body of the Porsche Panamera (Fig. I-5) has a dashboard cowl produced 
by tube bending and hydroforming, which ranges between the two A-pillars and is 
connected to the tunnel [Tolazzi 2010]. 
 
Fig. I-5. Hydroformed dashboard cowl in the Porsche Panamera, made in austenitic stainless steel 
[Tolazzi 2010]. 
Tube hydroforming has also been recently applied to bent aluminium extrusion used in the 
roof rail of the Audi R8 and the Jaguar XJ [Tolazzi 2010]. This approach offers the 
possibility of having a variable cross section along the extrusions (Fig. I-6). 
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Fig. I-6. Hydroformed aluminium extrusion: a) Roof rail of the Audi R8; b) Roof rail of the Jaguar XJ 
[Tolazzi 2010]. 
The list of tubular hydroformed parts used nowadays goes on and on: bicycle frames, lamps, 
aircraft parts, urban furniture, plumbing fittings, etc. (Fig. I-7). 
 
Fig. I-7. Tubular hydroformed parts examples: H & H tube (left) [H & H Tube 2010]; Banshee bikes 
(right) [Banshee Bikes 2010]. 
I.1.3 Warm tube hydroforming of lightweight alloys 
In the nineties hydroforming experienced its boom phase. The average annual growth in 
pressing capacity was higher than 30%. The growth calmed down to an average of 10% from 
the turn of the millennium to the year 2006. Within the last few years, stagnation is 
ascertainable. Currently 116 presses are installed according to market analysis in Europe 
[Freytag 2008]. 
Lately, hydroforming research and new hydroforming developments are focusing on the 
processing of new materials at special forming conditions [Esnaola 2009a]. As previously 
mentioned, many are the advantages that offer the lightweight alloys such as high 
strength, high dent resistance and shell stiffness, low weight, etc.; on the other hand, many 
are the advantages that offer the hydroforming processes such as the very complex shapes 
which can be obtained at sustainable costs, the possibility of realising very complex shapes 
in a single operation reducing the part number and therefore assembly costs, the limitation 
of secondary processes like welding and the consequent improvement at the same time of 
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the tolerance control, etc. Therefore, the use of hydroforming is becoming more widely 
applied to the manufacturing of lightweight alloys [Aue-u-lan 2007, Esnaola 2009a]. 
The main difficulty in the application of tube hydroforming processes to aluminium alloys is 
the low formability of those kinds of alloys at room temperature [Daoming 2003]. To 
overcome that problem, the application of tube hydroforming processes at warm 
temperatures and even at high temperatures is recommended [Neugebauer 2006]; the 
increase in the forming temperature makes possible to manufacture parts of more complex 
shapes with lightweight alloys. It would be ideal if those complex parts could be used as 
structural parts but the difficulty of forming those parts is normally very high. Therefore, 
there is a challenge for the successful application of WTHF processes to lightweight alloys 
for the manufacturing of complex parts of high mechanical properties (as high as to be 
considered as structural parts) at sustainable costs. 
In addition, when carrying out WTHF processes, two new variables to the already 
mentioned are involved: 
 Material temperature. It affects the formability of the part and, consequently, 
the required inner pressure. Wrong temperature fields along the tube can give an 
irregular mechanical behaviour of the tube at WTHF process. This temperature 
directly depends on the temperature of the tools and of the fluid inside the tube 
[Kim 2007]. 
 Material strain rate. The importance of the strain rate increases as the forming 
temperature increases. This variable directly depends on the applied inner 
pressure and axial feeding. The maximum strain rate can be limited following a 
flow rate control strategy [Groche 2002] as well as a pressure control strategy 
[Banabic 2005]. 
I.2 Research objectives 
As previously explained, 6xxx series aluminium alloys are highly attractive for the industry 
because they can be used for structural purposes due to their proper mechanical properties; 
in addition, there is a challenge for the successful application of WTHF processes to 
lightweight alloys for the manufacturing of complex parts of high mechanical properties at 
sustainable costs. This challenge defines the main objective of this thesis, which can be 
summarized as the development and improvement of warm tube hydroforming processes of 
aluminium alloys. To accomplish that general purpose, the following specific objectives 
have been identified: 
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 Characterization of the mechanical and forming properties of aluminium alloys at 
warm temperatures.  
 Development of a testing methodology to adapt the conventional material tests to 
the hydroforming processes requirements. 
 Development of a FEM simulation methodology able to represent WTHF processes 
of aluminium alloys in an accurate way.  
 Implementation of new material failure criteria on FEM simulations 
representative of WTHF processes of aluminium alloys. 
 Development and hydroforming of a tubular aluminium part based on material 
characterization data and FEM results. 
 Determination of the influence of the different process variables (axial forces, axial 
feeding, pressures, etc.) on the aluminium formability at warm forming 
temperatures. 
I.3 Working methodology 
The research exposed in this dissertation was divided into five different stages with their 
corresponding tasks in order to achieve the above mentioned objectives; those stages are 
briefly explained in the following sections. 
I.3.1 Stage I: Framework definition 
The first stage was carried out in order to identify the available knowledge about 
hydroforming processes, aluminium alloys and metal forming analysis by FEA software, as 
well as to understand the advantages and the limitations of those topics. This first stage 
was carried out at the very beginning of the research but a regular review has to be 
periodically carried out in order to identify the constant progresses achieved in different 
research centres all over the world. Once this framework was already defined, the different 
research opportunities were identified: thermo-mechanical analysis of hydroforming 
processes, implementation of new failure criteria on FEM simulations, accurate 
characterization of aluminium alloys for hydroforming processes, etc. among others. 
I.3.2 Stage II: Material characterization 
One of the first things to do before carrying out any metal forming process (and any metal 
forming process simulation) is to acquire a deep knowledge about the material to form, 
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about its behaviour at similar conditions of those of the metal forming process and about its 
advantages and limitations at different solicitations.  
For different reasons that are explained later, 6082 aluminium alloy was chosen for the 
current thesis; therefore, the mechanical behaviour of this alloy (at different heat treatment 
conditions) was carried out in this stage. This led to the definition of the following tasks: 
 Microstructural characterization in laboratory. 
 Hardness characterization in laboratory. 
 Uniaxial characterization in laboratory: tensile test. 
 Biaxial characterization in hydroforming facilities: bulge test. 
I.3.3 Stage III: Finite element analysis of WTHF process 
The knowledge acquired in the previous stages was implemented in different numerical 
models to predict the material behaviour at real forming conditions; the results achieved 
here were used in the subsequent stages. This led to the definition of the following tasks: 
 Fitting of flow stress material data to material constitutive models. 
 Selection of analysis procedure through their implementation in bulge test 
simulations. 
 Selection of failure criteria through their implementation in bulge test 
simulations. 
 Thermal analysis of WTHF processes. 
 Thermo-mechanical analysis of WTHF processes. Use of different control 
strategies. 
I.3.4 Stage IV: Experimental work 
As previously explained, the main objective of this thesis is the development and the 
improvement of warm tube hydroforming processes of aluminium alloys. To accomplish 
that general purpose, an experimental work carried out at novel hydroforming facilities 
representative of possible industrial equipments was needed. At those hydroforming 
facilities it was possible to determine important aspects such as the influence of the 
different process variables (axial forces, axial feeding, pressures, etc.) on the aluminium 
formability at warm temperatures. 
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This experimental work was also useful to validate the developed numerical models as well 
as the material properties determined in the previous stages. It also led to the right 
hydroforming of an aluminium alloy generic part which allowed the analysis of the 
advantages and the limitations of the WTHF processes. 
I.3.5 Stage V: Technology transfer 
The transfer of the acquired knowledge was carried out in a parallel way to the previous 
stages. This was performed by the publication of different articles in national and 
international journals, the participation in different conferences and the research projects 
carried out with different industries and research centres. 
This stage is carrying out through the publication of the current thesis too. 
I.3.6 Summary 
Fig. I-8 shows the working methodology carried out in the development of the current 
thesis, which is divided into five different chapters. Chapters I to IV correspond to the 
already defined working stages I to IV, respectively. In Chapter V, ‘Closure’, the main 
conclusions achieved in the current thesis are presented, an overall summary of the 
research is presented and future work to continue this research is proposed; this chapter 
also includes the scientific contribution of the thesis. 
The chapters of the thesis start with an abstract where the work collected in the chapter is 
summarized. The state of the art regarding the areas analyzed in this research is also 
divided into the different chapters and there is not a specific chapter dedicated to this topic. 
The background analysis performed in the beginning of each chapter helps to introduce the 
specific research to overcome among them. Finally, each chapter is closed with an overall 
summary and the conclusions of the most relevant results. 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































II Material characterization for WTHF processes 
CHAPTER II 
MATERIAL CHARACTERIZATION FOR 
WTHF PROCESSES 
In this chapter, the wide research carried out on the material of the tubes to hydroform is 
shown and discussed. First, a general introduction about lightweight interest in modern 
automotive and aerospace industries is carried out; this section also introduces aluminium 
alloys as those lightweight materials that stand out at sheet metal forming processes for 
lightweight construction due to their key characteristics of low density and high specific 
mechanical properties; other interesting characteristics of aluminium alloys are also 
presented in this section. 
Secondly, the acquired raw aluminium material is described; reasons for the selection of the 
series, alloy, heat treatment conditions, initial thickness, external diameter and global 
manufacturing process are given and widely detailed. Material limitations and advantages 
as well as the borders for its specific use at hydroforming processes emerge once the raw 
material has been specified and selected. 
Later, the tube dimensional verification carried out to verify if the acquired raw material 
was proper for hydroforming processes is shown; those material dimensional data will be 
compared in the final stage of this research with the obtained hydroformed parts. 
After that, to understand the tube material possible response at hydroforming processes, a 
material characterization research is presented; this characterization is basically used for 
three different purposes: first of all, it determines the expected material behaviour during 
forming processes; secondly, many of the characterization results will be the input for the 
process simulation stage; finally, some of those results will be compared in the final stage of 
this research with the formed parts. 
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The material characterization is depicted in four different sections: microstructural, 
hardness, uniaxial and biaxial characterization. In addition, a comparison between the 
biaxial and the uniaxial results is made at the end of the section.  
Finally, an overall review of the chapter is presented as a summary and the main 
conclusions are drawn. 
II.1 Introduction 
In modern automotive and aerospace industries, the application of lightweight components 
is a central challenge. Due to economical and ecological reasons as well as for the product 
properties improvement, a mass reduction is necessary. Lightweight construction is crucial 
where mass is critical like in aeronautical applications. In case of masses subject to 
acceleration, lightweight components can increase the product performance, e.g., allowing 
higher revolutions with lighter crankshafts. Driving comfort and safety can be increased 
when unsprung mass is reduced like in a car chassis1. Moreover, reducing masses improves 
the vehicle fuel consumption [Kleiner 2003] (Fig. II-1). 
Reduce fuel consumption Increase comfort







Fig. II-1. Lightweight components applications [Kleiner 2003]. 
Although the density of aluminium is a third of that of steel (2.8 g/cm3 compared with 7.83 
g/cm3 of steel), aluminium has only a third of the strength and tensile modulus (Table II-1). 
But focusing on their specific properties, aluminium shows much better properties than 
                                                     
1 The unsprung mass is the weight of those parts of the car which are not carried by the suspension system, but 
are directly supported by the tyre and wheel assembly and considered to move with it [CarDictionary.com 2010]. 
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steel. For shell structures applications where lightweight construction, dent resistance and 
shell stiffness must go together, aluminium shows better properties than steel because 
aluminium shells with the same area weight have a higher wall thickness due to their 
lower density; e.g., in the case of the BMW M3, the front hood made of aluminium is 42% 
lighter and shows much higher dent resistance and shell stiffness values than the standard 
steel front hood [Kleiner 2003]. 
Table II-1. Materials properties [Kleiner 2003]. 
 
On the other hand, aluminium is the most abundant metal in the Earth’s crust, easily to 
obtain and 100% recyclable without any loss of its natural qualities [Carmichael 1984, 
Davis 1993]. Aluminium and its alloys are also characterized by a relatively low density, a 
high electrical and thermal conductivities and a resistance to corrosion in some common 
environments, including the ambient atmosphere. Aluminium has a face-centred cubic 




Sliding plane  
Fig. II-2. Aluminium FCC crystal structure [Kammer 2000]. 
Nevertheless, the mechanical properties highly vary as a function of the alloying elements 
and the thermal treatments. In addition, the main limitation of aluminium is its low 
melting temperature (660ºC), which restricts the maximum temperature at which it can be 
used [William D. Callister 2001].  
Despite these disadvantages, due to its low density, its ability to resist corrosion due to the 
phenomenon of passivation and its high specific strength, aluminium and its alloys are very 
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interesting for the aerospace industry and other areas of automotive and building [Kleiner 
2003]. 
II.2 Raw material 
II.2.1 Series and alloy 
Nowadays, for sheet metal forming processes of aluminium alloys, 5xxx and 6xxx standard 
series are used [Novotny 2003]. Magnesium is the main alloying element of 5xxx series; it is 
added with the aim of increase strength and they are known as strain hardening alloys. 
Magnesium and silicon are the main alloying elements of 6xxx series; these elements form 
Mg2Si precipitates after a heat treatment and therefore the strength levels are increased; 
these alloys are known as precipitation hardening alloys or high strength heat treatable 
alloys [Hatch 1984].  
Because of the relatively high percentage of alloying elements, 6xxx car body aluminium 
alloys show acceptable mechanical resistance for car design; they are used for exterior 
panels and structural parts of automobiles; besides, these series highly increase their 
strength to weight ratio under heat treated conditions [Golovashchenko 2004]. 
Among all 6xxx series alloys, 6082 alloy is one of the most used in Europe at sheet metal 
forming processes; it is used for the manufacturing of automotive parts such as brake 
housings, frames and others [The Aluminum Association 2008]. On the other hand, the 
6061 alloy is one of the most used in America because it has very good corrosion resistance 
and formability. Considered the ‘European 6061’ the 6082 has somewhat higher material 
properties and is an all around excellent alloy for automotive applications [Kaiser 
Aluminum 2010]. And due to the all previously mentioned reasons, 6082 alloy was selected 
for the present research. 
Aluminium tubes were manufactured according to EN 755-2 standard and extruded 
according to EN 755-9 and EN 12020-2 standards. The chemical composition was provided 
by the manufacturer (Table II-2) and satisfies EN 573-3 and EN 485-2 standards of 
aluminium and aluminium-alloy extruded tubes. 
Table II-2. Chemical composition of 6082 aluminium alloy (wt %). 
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II.2.2 Heat treatments 
As previously mentioned, 6xxx series highly increase their strength to weight ratio under 
heat treated conditions. However, while good formability levels are necessary to 
manufacture automotive structures, high final resistance values are required in the final 
parts [Aginagalde 2009]. ‘O’ condition gives the highest formability level; on the other hand, 
‘T6’ gives the highest resistance values. Both compromises can be achieved by the 
appropriate forming strategy as, e.g., forming in ‘O’ condition and then heat treat to ‘T4’ or 
‘T6’ condition for getting the desired final mechanical properties. 
F, O, T4, T6 and O* conditions were selected for the present research. The aluminium tubes 
were obtained in F condition and then heat treated to obtain the desired conditions. For the 
different heat treatment processes, the temperature-time curves used based on ASM 
recommendations [Hatch 1984, Davis 1993] are shown in Fig. II-3 to Fig. II-6. The basic 
temper designations are: 
 F: as fabricated: applies to the products of shaping processes in which no special 
control over thermal conditions or strain-hardening is used. 
 O: annealed: applies to products that are annealed to obtain the lowest strength 
temper and to improve ductility and dimensional stability. It is the softest, most 
ductile and most workable condition. In the case of heat-treatable alloys, the 
solutes are precipitated sufficiently thoroughly to prevent natural age hardening. 
A higher maximum temperature and additional holding time at the lowest 
temperature are employed. 
 T: thermally treated to produce stable tempers other than F or O: applies to 
products which are thermally treated, with or without supplementary strain 
hardening, to produce stable tempers. Solution heat treatment is achieved by 
heating wrought products to a suitable temperature, holding at that temperature 
long enough to allow the constituents to enter into solid solution, and cooling 
rapidly enough to hold the constituents in solution. It applies to products that are 
not cold worked after solution heat treatment, or in which the effect of cold work 
in flattening or straightening may not be recognized in mechanical property 
limits. 
 T4: solution heat treated and naturally aged to a substantially stable condition.  
 T6: solution heat treated and then artificially aged.  
 O*: annealed after heat treated: applies to products that are annealed to obtain 
the lowest strength temper and to improve ductility and dimensional stability of 
previously heat treated products. The annealing of alloys that have been 
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previously heat treated to tempers such as T4 or T6 requires the use of treatments 
that first cause the precipitates to reach their equilibrium crystal structure and 
then cause them to coarsen. 



















removing stage: 345ºC, 2h
 
Fig. II-3. O heat treatment (from F to O condition) based on ASM recommendations. 



















treating stage: 530ºC, 2h




Fig. II-4. T4 heat treatment (from F to T4 condition) based on ASM recommendations. 










Solution heat treating Solution heat treating 
      stage: 530ºC, 2h
Artificial aging










time [hours]  
Fig. II-5. T6 heat treatment (from F to T6 condition) based on ASM recommendations. 
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Soaking stage: 415ºC, 2h
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Fig. II-6. O* heat treatment (from temper to O condition) based on ASM recommendations. 
II.2.3 Initial thickness and external diameter 
Nowadays, initial sheet thickness used for sheet metal forming applications is less than 5 
mm [Marciniak 2002, Kaiser Aluminum 2010]. Besides, most commonly used extruded 
aluminium tubes thicknesses are up to 4 mm [Lumetal Plastic 2010, Alustock 2010, 
Metales Extruidos 2010]. Based on hydroforming experimental knowledge [Galdos 2007, 
Galdos 2007, Aginagalde 2009, Esnaola 2009a, Esnaola 2009b] three different tube 
thicknesses were chosen, 1.5 mm, 2 mm and 2.5 mm. 
Because of the part geometry chosen for the experimentation, an external tube diameter of 
50 mm was chosen for the present research. 
II.2.4 Tube manufacturing process: porthole extrusion 
There are many different tube manufacturing processes, e.g., roll forming, press forming, 
seamless lamination, mandrel extrusion, etc. Roll forming process is the most commonly 
used to produce thin walled welded steel tubes. Nevertheless, extrusion processes are more 
widely used to manufacture thin walled aluminium tubes [Galdos 2007].  
In this research, porthole extrusion was selected to manufacture the tubes; some of the 
main reasons that justify this selection are: 
 It is a fast and a low cost process compared with the other thin walled 
manufacturing processes. 
 It is the most commonly used process by tube manufacturers to produce thin 
walled aluminium tubes. That is, porthole extrusion is the most common and the 
easiest way of getting thin walled aluminium alloy tubes. 
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Porthole extrusion is a forming process which involves severe plastic deformation. First of 
all, the aluminium ingots are heated at temperatures up to 530ºC; in the extrusion die, the 
hollow cross sections (Fig. II-7) are extruded by welding-chamber methods and the use of 
various different dies. During the extrusion, the metal is divided and flows around the 
supports across the internal mandrel into strands; these strands are then re-welded under 
the high pressures existing in the welding chamber, before they exit through the die 
[Alustock 2010]. This kind of welding procedure is also known as seam welding, a kind of 
solid state bonding; therefore, the obtained extruded tubes are known as portholed tubes or 
seamed tubes [Park 2000]. Isothermal systems maintain the profile's properties throughout 
the extruded section and the temperature control is carried out by means of infrared 
detectors, using boron nitride as lubricant. A previous deep cleaning of aluminium ingots 
avoids defects in the surface, increases the maximum achievable tube length and 
















Fig. II-7. Example of tubular extruded section process based on Alustock [Alustock 2010]. 
The portholed tubes present four cold longitudinal welding lines at 90º (Fig. II-8). The 
quality of the extruded tubes manufactured by the porthole die is mainly dependent on the 
quality of the welding lines; this quality has effect on the subsequent forming processes and 
it can even be one of the tube failure reasons in a tube hydroforming process [Kim 2002b].  






Fig. II-8. a) & b) Tube formation in a porthole extrusion process [Park 2000]; c) Final extruded tube 
section [Esnaola 2009a]. 
II.2.5 Summary 
Fig. II-9 shows the overall summary of this section. The tube manufacturing global process 
can be observed on it; starting from aluminium ingots of 6082 alloy, the porthole extrusion 
process is then carried out; the different die sections used at these processes give the 
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Fig. II-9. Tube manufacturing process of 6082 aluminium alloy in different heat treatment conditions 
and thicknesses. 
Just at the end of the porthole extrusion process, the 6082-F ‘as fabricated’ condition is 
obtained with the three different thicknesses. A fraction of this material is then annealed at 
about 345ºC for two hours to remove the strain hardening effects; the 6082-O condition is 
obtained. A fraction of this material is then heated at higher temperatures and then fast 
cooled in water; after an air aging process of about ten days, the 6082-T4 condition is 
achieved. If instead of an air natural aging process an artificial aging is carried out in a 
furnace for about 8 hours, the strongest condition is achieved, the 6082-T6. To return again 
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from T6 condition to an annealed condition, an additional heat treatment must be carried 
out; after this treatment, the 6082-O* condition is obtained, which must have the same 
properties of the 6082-O condition [Hatch 1984]. However, some slight differences were 
obtained in the current research, as shown in the following sections. 
II.3 Tube dimensional verification 
II.3.1 Introduction 
The tube dimensional verification was carried out in order to verify if the acquired raw 
material was proper for hydroforming processes and to have raw material accurate 
dimensional data to compare in the final stage of this research with hydroformed parts. 
II.3.2 Verification methodology 
Tests were carried out in a Mitutoyo BHN-710 coordinate measuring machine. A sample of 
four different tubes of 280 mm length for each thickness (1.5 mm, 2 mm, 2.5 mm) and for 
each heat treatment condition (F, O, O*, T4, T6) was chosen for the verification. 
For each tube of 280 mm length, the following measurements were carried out: 
 External radius at four different cross sections along the tube length. 
 Internal radius at four different cross sections along the tube length. 
 External perimeter at four different longitudinal sections. 
 Internal perimeter at four different longitudinal sections. 
With those measurements, the following maximum mean values were calculated for each 
tube thickness and each heat treatment condition:  
 Maximum external radius deviation. 
 Maximum internal radius deviation. 
 Maximum thickness deviation. 
 Maximum deflection at the length. 
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II.3.3 Results and discussion 
The maximum mean values, calculated for each tube thickness and each heat treatment 
condition, are summarized in Appendix A. It is interesting to see that the maximum values 
are mostly achieved for the 2.5 mm tube thickness. 
Those results can be understood better in the following figures (Fig. II-10 and Fig. II-11). 
While there is not a remarkable trend in the maximum external and internal radius 
deviations (Fig. II-10) there is in the maximum thickness deviations and in the deflections 
at the length (Fig. II-11). 
Focusing on the thickness deviations, it can be observed that maximum values are always 
for the 2.5 mm tube thickness; while the tube thickness increases, the tube thickness 










































































































































































































































































Fig. II-11. Maximum thickness deviations and deflections at the length (280 mm). 
The maximum values of those deviations are represented altogether in Fig. II-12, in which 
the values of the deflection at the length are scaled 1/10 to appreciate better all the 
parameters at the same time. 
































































6082-F 6082-O 6082-O* 6082-T4 6082-T6  
Fig. II-12. Tube dimensional ranges and relative errors for each heat treatment condition. 
As shown in Fig. II-12, there is not a remarkable trend for each heat treatment condition 
but for the deflection at the length; focusing on these deflections, it can be observed that the 
maximum values are achieved for the more severe heat treatments, i.e., O*, T4 and T6 
conditions; that is because in those heat treatments, the high temperatures and the fast 
cooling ratios used to achieve the required properties are so severe than get the tubes 
plastically deformed. The relative errors of external radius (25 mm nominal), internal 
radius and thickness are also depicted in Fig. II-12; as seen in that figure, the values of the 
thickness of the tube are nearly 5%; anyway, all of the errors are reasonably lows. 
Thus, for 6082 aluminium alloy, the tube dimensional ranges are (Table II-3): 
Table II-3. Dimensional ranges of 6082 aluminium alloy tube. 
  
Max. external radius 
deviation [mm] 




Max. deflection at the 
length (280 mm) [mm] 
6082 +/-0.11 +/-0.07 +/-0.10 +/-0.99 
Which agrees well with the tube supplier specifications for aluminium and aluminium-alloy 
extruded tubes [Lumetal Plastic 2010, Alustock 2010, Metales Extruidos 2010]. Those 
dimensional ranges are also admissible for the subsequent hydroforming applications. 
II.3.4 Summary and conclusions 
The tube dimensional verification was carried out leading to the following conclusions: 
 While the tube thickness increases, the tube thickness deviation increases too. 
 Severe heat treatments such as O*, T4 and T6, due to the high temperatures and 
the fast cooling ratios used to achieve the required properties, get the tubes 
plastically deformed. The maximum deflection values at the tube length are 
achieved for those heat treatments. 
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 The tube dimensions agree well with the tube supplier specifications for 
aluminium and aluminium-alloy extruded tubes and they are admissible for the 
subsequent tube hydroforming applications. 
II.4 Microstructural characterization 
II.4.1 Introduction 
The mechanical properties of aluminium alloys highly depend on their microstructural 
characteristics: grain size, phases distribution, phases composition, etc. So, microscopic 
examination is an extremely useful tool in the research and characterization of these 
materials. Several important applications of microstructural examinations are [William D. 
Callister 2001]:  
 To ensure that the associations between the properties and structure (and defects) 
are properly understood. 
 To predict the properties of materials once these relationships have been 
established; to design alloys with new property combinations. 
 To determine whether or not a material has been correctly heat treated; and to 
ascertain the mode of mechanical fracture. 
II.4.2 Testing methodology 
In order to carry out the microstructure research, samples from the five different heat 
treatment conditions were prepared from the inner surface of the tubes. Then, samples 
were chemically etched and analyzed in a LEICA DM IRM optical microscope (Fig. II-13). 
There are different etchants used to watch the precipitates and to watch the grain 
boundaries of aluminium alloys but this microstructural research was based on ASTM 
E407-99 standard specifications for microetching metals and alloys and the recommended 
etchants by Vander Voort and ASM International were used for the analysis [Davis 1993, 
ASM International 1998, Vander Voort 2004].  
Two batches of samples were prepared of each heat treatment condition for the 
microstructural examination; one for the analysis of the precipitates and another one for 
the analysis of the grains and the grain boundaries. The selected etchant to watch the 
precipitates was the Graff and Sargent’s etchant; to watch the grain boundaries, it was the 
Tucker’s reagent. They were selected among all etchants due to their right results at 
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microscopic and macroscopic examination of 6xxx series aluminium alloys [Davis 1993, 
ASM International 1998, Vander Voort 2004]. The etchants used are listed below in     
Table II-4 and Table II-5. 
 
Fig. II-13. LEICA DM IRM optical microscope. 
Table II-4. Etchant used for the analysis of the precipitates [Vander Voort 2004]. 
 
Table II-5. Etchant used for the analysis of the grains and grain boundaries [ASM International 1998]. 
An additional batch was prepared of each heat treatment condition without any etchant 
preparation, to observe the differences. Several magnifications were also used to find the 
right magnification for each purpose.  
In addition, due to the high size of this material grains, a macroscopic analysis was also 
carried out in a WILD M-420 macroscope with a microphotographic WILD MPS 12 
equipment. All of the samples were the result of mechanizing two longitudinal sections plus 
two transversal sections of the tube; the tube outer surface was the face of the tube that 
was initially studied at the microscope and the macroscope. 
The final condition of the parts is the T6 condition; therefore, an extra metallographic 
analysis was carried out of 6082-T6 aluminium alloy using the following etchants        




84 ml distilled water 
15.5 ml HNO3 
0.5 ml HF 
3 g CrO3 
Graff and Sargent’s etchant, for grain size of 2xxx, 3xxx, 6xxx and 7xxx 
wrought alloys. Immerse specimen 20-60 seconds with mild agitation. 
Composition Comments 
45 ml HCl (conc) 
15 ml HNO3 (conc) 
15 ml HF (48%) 
25 ml H2O 
Tucker’s reagent. Mix fresh before using. Immerse or swab specimen for 
10-15 s, rinse in warm water, dry, and examine for desired effect. Repeat 
until desired effect is obtained. 
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Table II-6. Etchants used for the analysis of 6082-T6 alloy. 
II.4.3 Results and discussion 
In Appendix B, the micrographs and macrographs of 6082 aluminium alloy are depicted for 
the different heat treatment conditions and for several magnifications. 
At low magnifications (x10, x20) it is not possible to appreciate a fine differentiation of the 
diverse precipitates from the α-Al matrix, as shown in Appendix B; therefore, for this 
aluminium alloy, high magnifications (x50, x100) are required for the microstructure 
characterization. Likewise, at any magnification and without any etchant it is not possible 
to see a fine differentiation of the diverse precipitates from the α-Al matrix (Appendix B). 
Consequently, for this aluminium alloy, high magnifications (x50, x100) and some kind of 
etchant is required for the microstructure characterization.  
The micrographs of 6082 alloy previously etched with Graff and Sargent’s etchant are 
shown in Table II-7; as shown in the micrographs, there is not a remarkable evolution of 
the microstructure of the alloy for each heat treatment condition. This implies that heat 
treatment temperatures have not a remarkable effect on the material phase 
transformations, as they are too low to activate any transformation [Hatch 1984]. 
The main difference between the influences of the different heat treatment conditions in 
the material is due to the mass percentage of the precipitates and their dissolution grade in 
the α-Al matrix. The lower mass percentage noticeable, the more diluted the precipitates in 
the α-Al matrix; the more diluted the precipitates in the α-Al matrix, the higher strength 
and lower ductility. Furthermore, as shown in Table II-7, the Mg2Si precipitates are more 
diluted in the α-Al matrix for T6 condition, leading in a material strength increase and a 
ductility decrease. O and O* conditions show a similar precipitates mass percentage, lower 
than temper conditions, leading in a material ductility increase and a strength decrease. 
And F and T4 conditions also show a similar precipitates mass percentage, less than T6 
condition but higher than O and O* conditions; this leads to a material of medium strength 
Composition Comments 
95 ml water 
2.5 ml HNO3 
1.5 ml HCl 
1.0 ml HF 
Keller’s reagent, very popular general purpose reagent for Al and Al alloys, 
except high-Si alloys. Immerse sample 10-20 seconds, wash in warm water. 
Can follow with a dip in conc. HNO3. Outlines all common constituents, 
reveals grain structure in certain alloys when used by immersion. 
95 ml water 
0.5 ml HF 
General purpose reagent. Attacks FeAl3, other constituents outlined. The 
0.5% concentration of HF is very popular. 
1.8% fluoboric acid in water 
Barker’s anodizing method for grain structure. Use 0.5-1.5 A/in2, 30-45V 
dc. For most alloys and tempers, 20 seconds at 1A/in2 and 30V dc at 20ºC is 
sufficient. Stirring not needed. Rinse in warm water, dry. Use polarized 
light; sensitive tint helpful. 
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and ductility; in T4 condition, the material mechanical properties are controlled (in contrast 
to O* condition, in which they are not controlled [Hatch 1984]). 
Table II-7. 6082 aluminium alloy micrographs, Graff and Sargent’s etchant. 
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Table A-6. 6082 aluminium alloy micrographs, Tucker’s reagent. 
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Vickers Hardness Values [HV] Arithmetic Mean
6082-F (2.5mm thickness)
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Vickers Hardness Values [HV] Arithmetic Mean
6082-O* (1.5mm thickness)
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Vickers Hardness Values [HV] Arithmetic Mean
6082-T4 (2mm thickness)
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Vickers Hardness Values [HV] Arithmetic Mean
6082-T6 (2.5mm thickness)
 
Fig. A-1. a) Vickers hardness values at the length. b) Vickers hardness values at an external diameter. 
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A.D Flow stress curves 
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Fig. A-2. Stress – plastic strain relations of 6082-F aluminium alloy tube of 2 mm thickness. 
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Fig. A-3. Stress – plastic strain relations of 6082-O aluminium alloy tube of 2 mm thickness. 
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Fig. A-4. Stress – plastic strain relations of 6082-O* aluminium alloy tube of 2 mm thickness. 
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Fig. A-5. Stress – plastic strain relations of 6082-T4 aluminium alloy tube of 2 mm thickness. 
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Fig. A-6. Stress – plastic strain relations of 6082-T6 aluminium alloy tube of 2 mm thickness. 
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A.E Biaxial models 
Direct-Altan model 
The tube equivalent stress for an isotropic material can be calculated by von Mises yield 
criterion: 
     2 2 21 - - -
2
t t             (Eq. A-2) 
According to the membrane theory, the radial stress t  is negligible compared with the 
other two main stress, leading to: 
2 2
           (Eq. A-3) 










   
 
  (Eq. A-4) 









 (Eq. A-5) 
And according to the constant volume hypothesis in the global process  0t      , the 
longitudinal strain can be calculated by: 
t       (Eq. A-6) 
Then, by von Mises yield criterion, the equivalent strain can be calculated by: 
2 2 22
3 t 
        (Eq. A-7) 
Fuchizawa model 
The equilibrium can be expressed at the neutral axis by: 
    22 2t t p t          (Eq. A-8) 
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Working out the value of   in the previous equation, the expression for one of the main 
















 (Eq. A-9) 
The Laplace equation at the neutral axis is expressed as following [Fuchizawa 1993, Galdos 
2007]: 
     
2 2
p
tt t t t
t t

   
 

   
 
 
   
 
 (Eq. A-10) 
Working out the value of   given in (Eq. A-9) at (Eq. A-10), the expression for the other 
main stresses is given by: 
 






2 22 2 2 2 2
p t tt t







    
               
 (Eq. A-11) 
The equivalent stress can be calculated applying Hill plasticity model by: 





   
 
 
   

   
          
 
 (Eq. A-12) 
Where r  is the anisotropic coefficient at the tube longitudinal direction (transversal to the 
material lamination direction) and r  is the anisotropic coefficient at the circumferential 
direction (material lamination direction). 










   
 
  (Eq. A-13) 
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 (Eq. A-14) 
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And according to the constant volume hypothesis in the global process  0t      , the 
longitudinal strain can be calculated by: 
t       (Eq. A-15) 
In the same way as for stresses, the equivalent strain can be calculated applying plasticity 
theory: 
2 21 1 2 11t tK r r r r    
    
   
           
 (Eq. A-16) 
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 (Eq. A-17) 
Modified-indirect-Altan model 
The assumed hypothesis is that there are planar stress conditions in the central part of the 
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 
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 (Eq. A-18) 









 (Eq. A-19) 









 (Eq. A-20) 
And according to the constant volume hypothesis in the global process  0t      , the 
longitudinal strain can be calculated as: 
t       (Eq. A-21) 
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Replacing these strain values in (Eq. A-18) and working out the value of the thickness, 
Altan proves a relationship for the tube thickness at each instant of time as a function of 
the tube initial thickness and curvature radii: 
0
At t e  (Eq. A-22) 
















   
        

 (Eq. A-23) 
If the Altan-indirect model is expressed at the tube neutral axis, the circumferential strain 
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 (Eq. A-24) 
With the strain equations plus the radii equations for the longitudinal and the 
circumferential radii, the equivalent strain can be calculated by von Mises yield criterion. 
For the calculation of the equivalent stress, the Fuchizawa main stresses at the neutral 
















 (Eq. A-25) 
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    
               
 (Eq. A-26) 
According to the membrane theory, the radial stress t  is negligible compared with the 
other two main stress, given as a result the value of the equivalent von Mises stress: 
2 2
           (Eq. A-27) 
Modified-Groche model 
The Groche analytical model is based on the deformation theory applied to a pressurized 
tube. The assumed hypothesis is that there are planar stress and strains conditions in the 
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central part of the tube; thus, the thickness stress can be neglected. To improve this model, 
calculations are carried out at the neutral axis. 
















 (Eq. A-28) 
Because it is assumed that there are planar stress and strains conditions in the central 
part of the tube, the relationship between strains at process can be calculated by: 
t     (Eq. A-29) 





   
 
   

  
 (Eq. A-30) 
And replacing the value of the thickness strain given by (Eq. A-29), the relationship 
between stresses at process can be calculated by: 
1
2 
   (Eq. A-31) 









 (Eq. A-32) 














   
 (Eq. A-33) 
Replacing these strains values and stresses relationship given by (Eq. A-31)-(Eq. A-33) at 
















 (Eq. I-34) 
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Where: 
0 0 2h t     (Eq. I-35) 
According to the membrane theory, the radial stress t  is negligible compared with the 
other two main stress, leading to: 
2 2
           (Eq. A-36) 
And according to the constant volume hypothesis in the global process  0t      , the 
longitudinal strain can be calculated as t      . Then, by von Mises yield criterion, the 
equivalent strain can be calculated by: 
2 2 22
3 t 
        (Eq. A-37) 
Modified Altan-incremental model 
Based on the deformation theory and in the indirect-Altan model but following an 










 instead of a proportional strain path 
approximation, the Aue-u-lan-Altan-incremental model (or just Altan-incremental model) is 
achieved. 








   (Eq. A-38) 
Let the tube element of s  width expands from the current location   to the location 
 d    of  ds s width, as seen in Fig. A-7. 
Let’s assume that the expansion of the tube element is due to the work carried out by the 
internal pressure p . The work increment carried out by the internal pressure to the tube 
element is defined by: 
d dW p V  (Eq. A-39) 
Where: 
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   2 2 2 dd d d 2
2
s
V s s s       
       
 
 (Eq. A-40) 
d 2 dV s    (Eq. A-41) 
is the volume of the pressurized internal media. The volume of the tube element is defined 
by:  








Fig. A-7. Infinitesimal element at the apex of the bulge based on Aue-u-lan [Aue-u-lan 2007]. 


























  is a strain increment in the circumferential direction.  
The work required to deform the tube element in a stress status of  ,    is:  











 is a ratio between the strain-increments or the strain-rates. By 
comparing the above equations, the following are obtained: 
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 d d dpw A
t    








  (Eq. A-47) 
Applying the Laplace equilibrium equation to a tube element with two radii of curvature, 












  and the radii of 
curvature can be obtained: 
1 A
  





  (Eq. A-49) 
Recall the relationship between the incremental strains along the longitudinal and 
circumferential direction (Eq. A-38) and the constant volume hypothesis 
 d d d 0t      . Therefore, the thickness at the bulge height can be calculated by: 
 d 1 dt A      (Eq. A-50) 
Assuming the incremental strain is the infinitesimal strain. Thus, 













  . Therefore,  






    (Eq. A-52) 
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 (Eq. A-54) 
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The wall thickness of the tube can not be calculated directly from the equation; the iA  term 
used in (Eq. III-1) to calculate the wall thickness is a function of the thickness as well. 
Therefore, the wall thickness needs to be calculated numerically. Fig. A-8 illustrates the 
procedure to calculate the wall thickness of the tube. 
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Fig. A-8. Thickness calculation flow chart. 
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A.F WTHF facility 
A novel facility has been developed for hydroforming processes at Mondragon University, as 
widely explained at the three different thesis carried out in this domain [Galdos 2007, 
Aginagalde 2009, Esnaola 2009a]; the development of tube hydroforming facility has been 
reason for the publication of various articles [Torca 2008, Aginagalde 2008, Esnaola 2008, 
Esnaola 2009b]; it has been designed and optimized for tubes of 2 mm thickness and 50 mm 
external diameter. Fig. A-9 shows a general view of the tube hydroforming facility;           
Fig. A-10 shows a detail of the dies and the axial cylinders area as well as a scheme of the 
dies and the axial cylinders. 
 
Fig. A-9. Tube hydroforming facility [Esnaola 2009b]. 
Due to the necessity to minimize unwanted temperature gradients, the dies and the tube 
are heated by means of a hydraulic circuit of tempered fluid. A Regloplas 300L temperature 
control unit warms up the fluid to a nominal temperature up to 300ºC. The selected fluid for 
this process is Dynalene 600® heating oil, which can work up to a maximum temperature of 
288ºC. This fluid has been selected due to its elevated point of evaporation and ignition. 
The guiding zones of the dies are refrigerated to provide the tube a greater rigidity and to 
facilitate the material feeding to the expansion zone. In the same way, the bases of the 
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axial cylinders are also cooled down in order to protect the axial cylinders from the heat 















Fig. A-10. Detail of the dies and the axial cylinders; photograph (left); scheme (right). 
Those dies are superficially heat treated by a nitriding process in order to minimize the 
effect of the friction between the aluminium tube and the dies; the process carried out is the 
same as the used at aluminium extrusion dies in order to avoid the effect of galling1. 
Basically, as shown in Fig. A-9, the main components of the hydroforming facility are: 
 A mechanical structure that supports all of the rest of the components. 
 A mechanical locking device, patent P200800326 ‘Locking device to compensate 
deformations’ [Garcia 2008a] (Fig. A-9). This device provides the facility a 
clamping force of 180 tonne for a given closed position. It also compensates the 
possible structural deformation and ensures the proper die kissing during the 
forming process. This role is fulfilled mechanically, activated by a simple 
hydraulic system of reduced tonnage [Esnaola 2009a]. 
 Two cylinders of 250 kN maximum force and 150 mm maximum stroke, for the 
mechanical locking device. 
 Two cylinders of 25 kN maximum force and 220 mm maximum stroke, for the 
opening and closing of the dies. 
 A conventional pressure intensifier of 700 bar maximum pressure (Fig. A-11). 
                                                     
1 According to ASTM standard G40 (2006), galling is a form of surface damage arising between sliding solids, 
distinguished by microscopic, usually localized, roughening and creation of protrusions (e.g., lumps) above the 
original surface. 
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 A hydraulic group, used for the intensifier, the cylinders, the opening and closing 
of the dies and the mechanical locking device. It is a conventional hydraulic group 
of variable flow of Bosch-Rexroth brand. Its maximum pressure is 200 bar and its 
maximum flow is 15 l/min. Engine power is 5.5 kW. Its capacity is 100 l             
(Fig. A-11). 
 A fluid group used for the storage of the Dynalene 600® fluid, which is the fluid 
that is intensified inside the tube to deform it (Fig. A-11). 
 A temperature control unit (300S) of Regloplas brand; this unit has a maximum 
pump capacity of 45 l/min and it is able to heat the oil up to 300ºC; it is used to 
heat the tools by oil circulation (Fig. A-12). This unit works with Therm S® fluid. 
 A temperature control unit (300L) of Regloplas brand; this unit has a maximum 
pump capacity of 90 l/min and it is able to heat the oil up to 300ºC; it is used to 
heat the tube by oil circulation (Fig. A-12). This unit works with Dynalene 600® 
fluid. 
 A novel heating system, patent P200800327 ‘Hydraulic device and procedure for a 
hydroforming facility’ [Garcia 2008b]. This system can provide tempered fluid at a 
temperature up to 250ºC at a maximum pressure of 700 bar by means of 
conventional hydraulic devices (Fig. A-13). 
 A control system based on a PLC which controls the basic functions of the facility. 
Due to the required high accuracy, the control of the intensifier and of the two 
cylinders is carried out using three specific control cards [Esnaola 2009a]. 
 A security system all around the facility made of polycarbonate panels, aluminium 
profiles and closing security systems. 
The high pressure hydraulic system is a key element in the design of the installation since 
it has to be able to work at room temperature and at medium temperatures. Therefore, the 
requirements for maximum pressure demand the use of high internal pressure intensifiers 
(up to 700 bar in this case due to the reduced size of the facility) combined with the need 
that this pressurized fluid has to be tempered to the desired temperature (up to 250ºC). 
The use of intensifiers which can work at such temperatures is very expensive and 
problematic from the point of view of dynamic sealing (usually made of rubber). Due to this 
problem, the hydraulic system gathered in the P200800327 patent [Garcia 2008b] has been 
developed. This system can provide tempered fluid at a temperature up to 250ºC at a 
maximum pressure of 700 bar by means of conventional hydraulic devices. Fig. A-12 shows 
a photo of the two temperature control units while Fig. A-13 shows a simplified scheme of 
the hydraulic circuit of the installation. 
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Fig. A-11. Pressure intensifier, hydraulic group and fluid group. 
 
Fig. A-12. Temperature control units used for the heating of the tools (left) and for the heating of the 
tube (right). 
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Fig. A-13. Hot hydraulic system for high pressure and for the heating of the tools and the part 
[Esnaola 2009b]. 
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A.G Abaqus subroutines 
Oyane standard user defined field subroutine 
C 
C SUBROUTINE USDFLD – USER DEFINED FIELD – ABAQUS/STANDARD 
C User subroutine to redefine field variables at a material point 
C Failure prediction subroutine by Oyane’s criterion (A=3) 
C 
      SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
     1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER, 
     2 KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      PARAMETER (Dc=0.5507D0) 
C 
      CHARACTER*80 CMNAME,ORNAME 
      CHARACTER*3  FLGRAY(15) 
      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
     1 T(3,3),TIME(2) 
      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 
C 
C INITIALIZE FAILURE FLAGS FROM STATEV SDVs 
      plaseq    = STATEV(1) 
      plasinc   = STATEV(2) 
      pq        = STATEV(1)             ! ‘OLD’ value of EPEEQ 
      damag     = STATEV(4)             ! Damage at current increment 
      dmg       = STATEV(6)             ! Accumulated damage 
      totdam    = STATEV(6)             ! Total accumulated damage 
C 
C GET STRESSES AND STRAINS FROM PREVIOUS INCREMENT        
      CALL GETVRM('SINV',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,MATLAYO, 
     1 LACCFLA) 
      vmises    = ARRAY(1) 
      spress    = ARRAY(3) 
C 
      CALL GETVRM('PE',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,MATLAYO, 
     1 LACCFLA) 
      plaseq    = ARRAY(7)              ! Valor "nuevo" de plaseq 
c 
c CHECK IF EFFECTIVE STRESS > 0 TO AVOID THE ERROR OF DIVISION BY ZERO 
        IF (vmises .NE. 0.D0) THEN 
            IF (totdam .LT. Dc) THEN    ! Check if the total damage is lower 
                                        ! than the critical value 
        hydstress = spress * (-1.D0)    ! Hydrostatic tension calculation 
* 
        plasinc = plaseq - pq           ! Calculation of the plastic 
                                        ! strain increment 
C CALCULATION OF THE DAMAGE AT CURRENT INCREMENT (A=3) 
            damag = (1.d0 + ((3.d0 * hydstress) / vmises)) * plasinc 
c 
c Update TOTAL DAMAGE VARIABLE = ACCUMULATED DAMAGE + DAMAGE AT CURRENT INCREMENT 
c Prevention of negative damage accumulation by ensuring a positive value of  
c the damage in the current increment 
c 
            dmg = totdam            ! Accumulated damage until current increment 
      IF (damag .GT. 0.D0) totdam = dmg + damag 
      IF (damag .LE. 0.D0) totdam = dmg 
c 
      ENDIF 
   ENDIF 
c 
C Update STATE VARIABLES (SDVs) 
  STATEV(1) = plaseq 
  STATEV(2) = plasinc 
  STATEV(3) = pq 
  STATEV(4) = damag 
  STATEV(5) = dmg 
  STATEV(6) = totdam 
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C IF THE DAMAGE IS HIGHER THAN THE CRITICAL VALUE, UPDATE FIELD VARIABLES TO 1 
C TO DEGRADATE THE STIFFNESS OF THE MATERIAL 
      IF (totdam .GE. Dc) FIELD(1)=1.D0 
C 
      RETURN 
      END 
 
Oyane explicit user defined field subroutine 
C 
C SUBROUTINE VUSDFLD – USER DEFINED FIELD – ABAQUS/EXPLICIT 
c User subroutine VUSDFLD for user-defined fields 
C Failure prediction subroutine by Oyane’s criterion (A=3) 
c 
      subroutine vusdfld( 
c Read only - 
     *   nblock, nstatev, nfieldv, nprops, ndir, nshr,  
     *   jElemUid, kIntPt, kLayer, kSecPt,  
     *   stepTime, totalTime, dt, cmname,  
     *   coordMp, direct, T, charLength, props,  
     *   stateOld,  
c Write only - 
     *   stateNew, field ) 
c 
      include 'vaba_param.inc' 
c 
      parameter (Dc=0.5507d0) 
c 
      dimension props(nprops), 
     *          jElemUid(nblock), coordMp(nblock, *),  
     *          direct(nblock, 3, 3), T(nblock,3,3),  
     *          stateOld(nblock, nstatev),  
     *          stateNew(nblock, nstatev), 
     *          field(nblock, nfieldv) 
      character*80 cmname 
c 
      character*3 cData(maxblk*6) 
      dimension jData(maxblk*6) 
      dimension stress(maxblk*6),pstrain(maxblk*6) 
c 
c Get stresses and strains from previous increment 
      jStatus = 1 
      call vgetvrm( 'S', stress, jData, cData, jStatus ) 
      jStatus = 1 
      call vgetvrm( 'PEEQ', pstrain, jData, cData, jStatus ) 
c 
      call evaluateDamage( nblock, nstatev, 
     *     nfieldv, ndir, nshr,  
     *     Dc, 
     *     stress, pstrain, 
     *     stateOld,  
     *     stateNew, field ) 
c 
      return  
      end 
c 
      subroutine evaluateDamage ( nblock, nstatev,  
     *     nfieldv, ndir, nshr,  
     *     Dc, 
     *     stress, pstrain, 
     *     stateOld,  
     *     stateNew, field ) 
c 
      include 'vaba_param.inc' 
c 
      dimension stress(nblock,6), 
     *     pstrain(nblock,6), 
     *     stateOld(nblock,nstatev),  
     *     stateNew(nblock,nstatev), 
     *     field(nblock,nfieldv) 
c 
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c Initialize failure flags from statev.  
      do k = 1, nblock 
         stateNew(k,1) = stateOld(k,1) 
         stateNew(k,2) = stateOld(k,2) 
         stateNew(k,3) = stateOld(k,3) 
         stateNew(k,4) = stateOld(k,4) 
         stateNew(k,5) = stateOld(k,5) 
         stateNew(k,6) = stateOld(k,6) 
c 
         plaseq  = stateOld(k,1) 
         plasinc = stateOld(k,2) 
         pq      = stateOld(k,3)    ! ‘OLD’ value of plaseq 
         damag   = stateOld(k,4)    ! Damage at current increment 
         dmg     = stateOld(k,5)    ! Accumulated damage until current inc 
         totdam  = stateOld(k,6)    ! Total accumulated damage 
c      
         s11 = stress(k,1) 
         s22 = stress(k,2) 
         s33 = stress(k,3) 
         s12 = stress(k,4) 
         s23 = 0.d0   ! Shell elements are 2D  
         s31 = 0.d0 
* 
         vmises = (1/sqrt(2.d0)) * sqrt((s11-s22)**2 + (s22-s33)**2 + 
     *           (s33-s11)**2 + 6.d0 * (s12**2 + s23**2 + s31**2)) 
* 




         pq = plaseq                  ! ‘OLD’ value of plaseq 
* 
         plaseq = pstrain(k,1)        ! ‘NEW’ value of plaseq 
                                      ! Equivalent plastic strain (PEEQ) 
c 
c CHECK IF EFFECTIVE STRESS > 0 TO AVOID THE ERROR OF DIVISION BY ZERO 
        IF (vmises .NE. 0.D0) THEN 
            IF (totdam .LT. Dc) THEN    ! Check if the total damage is lower 
                                        ! than the critical value 
            plasinc = plaseq - pq       ! Calculation of the plastic 
                                        ! strain increment 
c 
C CALCULATION OF THE DAMAGE AT CURRENT INCREMENT (A=3) 
            damag = (1.d0 + ((3.d0 * hydstress) / vmises)) * plasinc 
c 
c Update TOTAL DAMAGE VARIABLE = ACCUMULATED DAMAGE + DAMAGE AT CURRENT INCREMENT 
c Prevention of negative damage accumulation by ensuring a positive value of  
c the damage in the current increment 
c 
            dmg = totdam            ! Accumulated damage until current increment 
      IF (damag .GT. 0.D0) totdam = dmg + damag 
      IF (damag .LE. 0.D0) totdam = dmg 
c 
      ENDIF 
   ENDIF 
c 
c Update field variables           
         field(k,1)    = 0.d0 
c 
c Update state variables  
         stateNew(k,1) = plaseq 
         stateNew(k,2) = plasinc 
         stateNew(k,3) = pq 
         stateNew(k,4) = damag 
         stateNew(k,5) = dmg 
         stateNew(k,6) = totdam 
c 
C IF THE DAMAGE IS HIGHER THAN THE CRITICAL VALUE, UPDATE FIELD VARIABLES TO 1 
C TO DEGRADATE THE STIFFNESS OF THE MATERIAL 
         if (totdam .GE. Dc) then  
            field(k,1) = 1.d0 
         end if 
c 
      end do 
      return 
      end 
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A.H Fluid properties 
Air 





Specific Heat  
[mJ/tonne·K] 
Dynamic Visc.  
[MPa·s] 
Cinematic Visc.  
[mm2/s] 
Conductivity, k  
[W/m·K] 
Pr 
2 1.2951E-12 1.01E+09 1.74E-11 13.685 0.02425 0.715 
27 1.1774E-12 1.01E+09 1.98E-11 16.84 0.0262 0.708 
77 9.98E-13 1.01E+09 2.08E-11 20.76 0.03 0.697 
127 8.826E-13 1.01E+09 2.29E-11 25.9 0.0336 0.689 
177 7.833E-13 1.02E+09 2.48E-11 31.71 0.0371 0.683 
227 7.048E-13 1.03E+09 2.67E-11 37.9 0.0404 0.68 
277 6.423E-13 1.04E+09 2.85E-11 44.34 0.0436 0.68 
327 5.879E-13 1.06E+09 3.02E-11 51.34 0.0466 0.68 
 
Table A-8. Parameters of the natural convection between the air and a vertical flat plate (air – tool-













Gr Ra Nu 
hc 
[mW/mm2·K] 
2 13 3.64E-03 1.98E+07 1.42E+07 36.19 4.39E-03 
27 12 3.33E-03 1.11E+07 7.84E+06 31.22 4.09E-03 
77 62 2.86E-03 3.23E+07 2.25E+07 40.63 6.09E-03 
127 112 2.50E-03 3.28E+07 2.26E+07 40.67 6.83E-03 
177 162 2.22E-03 2.81E+07 1.92E+07 39.05 7.24E-03 
227 212 2.00E-03 2.32E+07 1.58E+07 37.17 7.51E-03 







1.55E+07 1.05E+07 33.61 7.83E-03 
Water 





Specific Heat  
[mJ/tonne·K] 
Conductivity, k  
[W/m·K] 
Dynamic Visc.  
[MPa·s] 
Cinematic Visc.  
[mm2/s] 
Pr 
0 9.999E-10 4.23E+09 0.558 1.79E-09 1.79 13.7 
20 9.982E-10 4.18E+09 0.597 1.00E-09 1.01 7.02 
40 9.923E-10 4.18E+09 0.633 6.53E-10 0.66 4.34 
60 9.832E-10 4.18E+09 0.658 4.70E-10 0.48 3.02 
80 9.718E-10 4.19E+09 0.673 3.54E-10 0.36 2.22 
100 9.584E-10 4.21E+09 0.682 2.81E-10 0.29 1.75 
 
Table A-10. Parameters of the forced convection between a fluid and a cylindrical pipe (water – tool-
bushings refrigeration). 
T [ºC] q [mm3/s] D [mm] v [mm/s] Re Nu hc [mW/mm2·K] 
0 1270.90 15.35 0.61 
20 2260.08 19.90 0.85 
40 3455.38 24.20 1.09 
60 4756.57 28.03 1.32 
80 6246.27 31.78 1.53 
100 
1.00E+05 14 162.40 
7733.48 35.10 1.71 
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Therm S® 





Specific Heat  
[mJ/tonne·K] 
Conductivity, k  
[W/m·K] 
Dynamic Visc.  
[MPa·s] 
Cinematic Visc.  
[mm2/s] 
Pr 
10 1.036E-09 1.59E+09 0.1327 8.82E-08 85.11 1057.11 
70 9.94E-10 1.77E+09 0.1249 5.39E-09 5.42 76.34 
130 9.51E-10 1.95E+09 0.1171 1.71E-09 1.80 28.45 
190 9.08E-10 2.13E+09 0.1093 8.70E-10 0.96 16.92 
250 8.63E-10 2.31E+09 0.1016 5.40E-10 0.63 12.25 
310 8.17E-10 2.48E+09 0.0938 3.80E-10 0.47 10.06 
 
Table A-12. Parameters of the forced convection between a fluid and a cylindrical pipe (Therm S® – 
tool-bushings heating). 
T [ºC] q [mm3/s] D v [mm/s] Re Nu hc [mW/mm2·K] 
10 400.73 22.45 0.21 
70 6289.43 92.35 0.82 
130 18966.96 166.09 1.39 
190 35594.26 235.16 1.84 
250 54504.25 300.14 2.18 
310 
1.50E+06 14 2436.05 
73324.96 358.67 2.40 
Dynalene 600® 
Table A-13. General properties of the hydroforming fluid [Dynalene 2010]. 
 
Table A-14. Oxidation of the hydroforming fluid [Dynalene 2010]. 
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Temperature [ºC]  
Fig. A-14. Volumetric expansion of Dynalene 600® [Dynalene 2010]. 
For every 100ºC that fluid temperature goes up it will expand by approximately 11%. 











Cinematic Visc.  
[mm2/s] 
Pr 
70 9.13E-10 1.37E+09 0.1451 4.86E-08 53.23 457.53 
80 9.03E-10 1.39E+09 0.1433 4.18E-08 46.29 404.00 
90 8.93E-10 1.40E+09 0.1415 3.61E-08 40.43 358.19 
100 8.83E-10 1.42E+09 0.1397 3.15E-08 35.67 320.86 
110 8.73E-10 1.44E+09 0.138 2.76E-08 31.62 288.40 
120 8.63E-10 1.43E+09 0.1362 2.43E-08 28.16 255.31 
130 8.53E-10 1.48E+09 0.1344 2.16E-08 25.32 237.70 
140 8.43E-10 1.50E+09 0.1326 1.92E-08 22.78 216.90 
150 8.33E-10 1.52E+09 0.1309 1.73E-08 20.77 200.49 
160 8.23E-10 1.54E+09 0.1291 1.56E-08 18.96 185.60 
170 8.13E-10 1.56E+09 0.1273 1.41E-08 17.34 172.23 
180 8.03E-10 1.57E+09 0.1255 1.28E-08 15.94 160.54 
190 7.93E-10 1.59E+09 0.1238 1.17E-08 14.75 150.46 
200 7.83E-10 1.61E+09 0.122 1.07E-08 13.67 141.29 
210 7.73E-10 1.63E+09 0.1202 9.80E-09 12.68 132.90 
220 7.63E-10 1.65E+09 0.1184 9.10E-09 11.93 126.74 
230 7.53E-10 1.67E+09 0.1167 8.40E-09 11.16 120.06 
240 7.43E-10 1.69E+09 0.1149 7.80E-09 10.50 114.52 
250 7.33E-10 1.71E+09 0.1131 7.20E-09 9.82 108.54 
260 7.23E-10 1.72E+09 0.1114 6.70E-09 9.27 103.69 
270 7.13E-10 1.74E+09 0.1096 6.30E-09 8.84 100.19 
280 7.03E-10 1.76E+09 0.1078 5.90E-09 8.39 96.44 
288 6.95E-10 1.78E+09 0.1064 5.60E-09 8.06 93.53 
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Table A-16. Parameters of the forced convection between a fluid and a cylindrical pipe (Dynalene 600® 
– tube heating). 
T [ºC] q [mm3/s] D [mm] L [mm] v [mm/s] Re Nu hc [mW/mm2·K] 
70 97.50 33.26 0.1049 
80 112.12 33.43 0.1041 
90 128.38 33.60 0.1034 
100 145.48 33.77 0.1026 
110 164.16 33.93 0.1018 
120 184.31 33.86 0.1003 
130 204.95 34.25 0.1001 
140 227.87 34.42 0.0992 
150 249.89 34.57 0.0984 
160 273.80 34.74 0.0975 
170 299.24 34.90 0.0966 
180 325.58 35.06 0.0957 
190 351.76 35.21 0.0948 
200 379.78 35.37 0.0938 
210 409.36 35.53 0.0928 
220 435.15 35.69 0.0919 
230 465.23 35.85 0.0909 
240 494.37 36.01 0.0899 
250 528.35 36.16 0.0889 
260 560.04 36.31 0.0879 
270 587.36 36.47 0.0869 
280 618.38 36.63 0.0858 
288 
7.50E+05 46 280 112.82 
644.10 36.75 0.0850 
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A.I Simulation results 
Table A-17. Different ductile failure constants determined for plastic flow stress curves. 
   Cockcroft-Latham 
Oh-




Tracey Chaouadi Lemaitre Ayada 
Hambli-
Reszka 
0.001 s-1 25.9138 0.1955 0.1946 0.3901 25.8037 0.3216 19.2823 25.8162 0.0652 0.1938 




0.1 s-1 26.5075 0.2012 0.2004 0.4016 26.3949 0.3310 19.7012 26.4077 0.0671 0.1995 
0.001 s-1 23.2141 0.2012 0.2004 0.4016 23.1156 0.3310 17.3777 23.1268 0.0671 0.1995 





0.1 s-1 19.0246 0.2012 0.2004 0.4016 18.9438 0.3310 14.4220 18.9530 0.0671 0.1995 
0.001 s-1 19.2336 0.2213 0.2204 0.4417 19.1519 0.3641 14.5694 19.1612 0.0738 0.2195 





0.1 s-1 21.0850 0.2098 0.2089 0.4188 20.9954 0.3452 15.8756 21.0056 0.0699 0.2080 
0.001 s-1 17.7511 0.2357 0.2347 0.4704 17.6757 0.3878 13.5235 17.6843 0.0786 0.2337 











0.1 s-1 21.7431 0.2558 0.2547 0.5105 21.6508 0.4209 16.3399 21.6613 0.0853 0.2536 
25ºC 12.6635 0.1150 0.1145 0.2295 12.6097 0.1892 9.9342 12.6158 0.0383 0.1140 
150ºC 11.6249 0.1301 0.1296 0.2597 11.5756 0.2140 9.2015 11.5812 0.0434 0.1290 




250ºC 16.3952 0.2088 0.2079 0.4167 16.3256 0.3435 12.5669 16.3335 0.0696 0.2070 
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Table A-18. Application of ductile failure criteria to bulge test simulation at 250ºC. Dynamic implicit 
analysis. 




Thinning Tube external 
diameter 
Simulation 






Error [%] 1900 42.28 - 3.36 - - 30.76 3:10 Without 
failure Biaxial 
Error [%] 
95 9.30 -0.55 144.75 157.74 25.71 33.02 3:24 
Uniaxial 




14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:38 
Uniaxial 




14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:42 
Uniaxial 
Error [%] 
9100 24.22 - -78.91 - - 30.75 2:37 
Chaouadi 
Biaxial 
Error [%] 6401 -28.29 -6.70 -82.38 -80.04 -14.27 30.98 2:14 
Uniaxial 
Error [%] 
10500 43.82 - 17.29 - - 30.76 2:43 
Cockcroft-
Latham Biaxial 
Error [%] 14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:45 
Uniaxial 
Error [%] 
10500 43.82 - 17.29 - - 30.76 2:42 
Freudenthal-
Clift Biaxial 
Error [%] 14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:44 
Uniaxial 
Error [%] 




14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:43 
Uniaxial 




14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:41 
Uniaxial 




14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:44 
Uniaxial 




14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:39 
Uniaxial 
Error [%] 
9100 24.22 - -78.91 - - 30.75 2:40 
Rice-Tracey 
Biaxial 
Error [%] 14300 -13.12 -0.57 -41.40 -28.77 -7.47 33.02 2:42 
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Table A-19. Application of ductile failure criteria to bulge test simulation at 250ºC. Dynamic explicit 
analysis. 






Thinning Tube external 
diameter 
Simulation 






Error [%] 22713 38.22 - -24.63 - - 28.8 3:08 Without 
failure Biaxial 
Error [%] 
22699 -0.11 4.78 37.24 54.51 5.08 32 3:23 
Uniaxial 




9100 -13.91 2.82 -44.61 -33.24 -8.03 29.9 2:27 
Uniaxial 




9100 -12.31 3.23 -37.95 -25.67 -6.95 30.201 2:41 
Uniaxial 
Error [%] 
- 38.59 - -24.01 - - 29 2:28 
Chaouadi 
Biaxial 
Error [%] - -9.39 3.80 -24.24 -10.19 -4.67 30.701 2:12 
Uniaxial 
Error [%] 
19716 40.29 - -12.28 - - 29.2 2:39 
Cockcroft-
Latham Biaxial 
Error [%] 9100 -7.47 4.10 -13.94 1.17 -2.93 31.001 2:32 
Uniaxial 
Error [%] 
19715 41.17 - -5.59 - - 29.301 2:38 
Freudenthal-
Clift Biaxial 
Error [%] 1500 -6.11 4.27 -5.95 9.77 -1.57 31.2 2:34 
Uniaxial 
Error [%] 




1500 -6.11 4.27 -5.95 9.77 -1.57 30.1 2:38 
Uniaxial 




9100 -9.39 3.80 -24.24 -10.19 -4.67 30.701 2:32 
Uniaxial 
Error [%] 19683 39.45 - -18.31 - - 29.1 2:42 Oh-
Kobayashi Biaxial 
Error [%] 
9100 -8.13 4.00 -17.58 -2.96 -3.55 30.7 2:40 
Uniaxial 




9100 -10.61 3.57 -30.20 -16.72 -5.67 30.5 2:36 
Uniaxial 
Error [%] 
1480 36.93 - -34.03 - - 28.801 2:39 
Rice-Tracey 
Biaxial 
Error [%] 9100 -11.17 3.47 -32.89 -19.82 -6.11 30.401 2:37 
 
244               WARM TUBE HYDROFORMING OF 6082 ALUMINIUM ALLOY  
 
A.J Experimental work results 
Table A-20. Pressure control. WTHF of 6082-O alloy of 2 mm thickness. 
Approach Test Pmax [bar] Result Notes 
1 150 Failure III - lack of feeding 
2 113 Failure II – material defect 
3 545 Failure VI - overfeeding 
4 110 Failure I - galling 
5 79 Failure VII - leakage 
6 120 Failure I - galling 
7 130 Failure I - galling 
8 90 Failure VII - leakage 
9 90 Failure VII - leakage 
10 90 Failure I - galling 
11 95 Failure I - galling 
12 87 Failure I - galling 
13 89 Failure VII - leakage 
14 90 Failure VII - leakage 
15 85 Breakage due to friction 
16 89 Breakage due to friction 
17 106 Breakage due to friction 
18 112 Failure II – material defect 
19 95 Failure I - galling 
20 90 Failure I - galling 
21 90 Failure I - galling 
22 195 Failure II – material defect 
23 96 Failure I - galling 
24 90 Failure I - galling 
25 100 Failure I - galling 
26 91 Failure I - galling 
27 91 Failure I - galling 
28 93 Failure I - galling 
29 93 Failure I - galling 
30 90 Failure I - galling 
31 90 Failure I - galling 
32 91 Failure I - galling 
33 98 Failure I - galling 
34 90 Failure I - galling 
35 98 Failure I - galling 
I - Pressure control 
36 103 Failure I - galling 
Without friction minimization, failures have 
been mainly due to friction 
37 190 Failure IV – inadequate pressure From here on, with friction minimization 
38 98 Failure II – material defect   
39 99 Failure I - galling paper breakage 
40 105 Failure IV – inadequate pressure   
41 105 Failure IV – inadequate pressure   
42 105 Failure IV – inadequate pressure   
43 109 Failure IV – inadequate pressure   
44 103 Failure IV – inadequate pressure   
45 102 Failure IV – inadequate pressure   
II - Pressure control + Friction 
minimization 
46 100 Failure IV – inadequate pressure   
47 400 Right part From test 69 measured variables of flow rate 
control 
48 400 Right part equal to test 47 
49 400 Right part optimization of test 47 
50 400 Right part equal to test 49 
Final - Pressure control from flow 
rate control + Friction 
minimization 
51 400 Right part equal to test 49 
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52 400 Right part equal to test 49 
53 400 Right part equal to test 49 
54 400 Right part equal to test 49 
55 400 Right part equal to test 49 
56 84 Failure I - galling equal to test 49 but without paper 
57 400 Right part equal to test 49 
58 400 Right part equal to test 49 
59 400 Right part equal to test 49 
60 400 Right part equal to test 49 
61 400 Right part equal to test 49 
62 55 Test Limited to 5.5 MPa 
63 116 Test Limited to 11.6 MPa 
64 156 Test Limited to 15.6 MPa 
65 400 Right part equal to test 49 
66 400 Right part equal to test 49 
67 400 Right part equal to test 49 
68 400 Right part equal to test 49 
69 400 Right part equal to test 49 
70 400 Right part equal to test 49 
71 95 Failure I - galling equal to test 49, paper breakage 
 
Table A-21. Flow rate control. WTHF of 6082-O alloy of 2 mm thickness 
Approach Test Pmax [bar] Result Notes 
1 101 Failure I - galling From here on, with friction 
minimization 
2 125 Failure III - lack of feeding   
3 110 Failure IV – inadequate pressure   
4 130 Failure IV – inadequate pressure   
5 108 Failure IV – inadequate pressure   
6 230 Failure IV – inadequate pressure   
7 120 Failure IV – inadequate pressure   
8 110 Failure IV – inadequate pressure   
9 246 Failure VI - overfeeding   
10 83 Failure II – material defect   
11 104 Failure IV - inadequate pressure   
12 97 Failure IV - inadequate pressure   
13 89 Failure IV - inadequate pressure   
14 86 Failure I - galling   
15 92 Failure IV - inadequate pressure   
16 88 Failure IV - inadequate pressure   
17 88 Failure IV - inadequate pressure   
18 87 Failure IV - inadequate pressure   
19 150 Failure VI - overfeeding   
20 80 Failure II – material defect   
21 170 Failure IV - inadequate pressure   
22 194 Failure IV - inadequate pressure   
23 92 Failure IV - inadequate pressure   
24 95 Failure IV - inadequate pressure Almost right part 
25 127 Failure IV - inadequate pressure Almost right part 
26 150 Failure VI - overfeeding Almost right part 
27 240 Failure IV - inadequate pressure Almost right part 
28 140 Failure IV - inadequate pressure   
29 112 Failure IV - inadequate pressure   
30 250 Failure VI - overfeeding Almost right part 
31 130 Failure I - galling Paper breakage 
32 100 Failure III - lack of feeding   
33 245 Failure III - lack of feeding   
III. Flow rate control + Friction 
minimization 
34 112 Failure III - lack of feeding   
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35 230 Failure VI - overfeeding   
36 105 Failure III - lack of feeding   
37 290 Low wrinkling   
38 102 Failure VI - overfeeding   
39 275 Failure III - lack of feeding Almost right part 
40 100 Failure VI - overfeeding   
41 310 Failure VI - overfeeding   
42 106 Failure III - lack of feeding   
43 70 Failure I - galling Paper breakage 
44 112 Failure III - lack of feeding   
45 330 Failure VI - overfeeding Right part 
46 312 Failure VI - overfeeding Almost right part 
47 92 Failure II – material defect   
48 87 Failure III - lack of feeding   
49 93 Failure III - lack of feeding   
50 103 Failure III - lack of feeding   
51 400 Failure VI - overfeeding   
52 100 Failure III - lack of feeding   
53 100 Failure III - lack of feeding Square breakage 
54 285 Failure III - lack of feeding Triangle breakage 
55 120 Failure III - lack of feeding Triangle breakage 
56 110 Failure III - lack of feeding Paper breakage 
57 400 Right part   
58 120 Failure V - flow rate control instability equal to test 57 
59 122 Failure V - flow rate control instability equal to test 57 
60 256 Failure III - lack of feeding Triangle breakage 
61 118 Failure IV - inadequate pressure   
62 400 Failure VI - overfeeding Right part 
63 275 Failure IV - inadequate pressure   
64 200 Failure I - galling Paper breakage 
65 400 Failure III - lack of feeding Triangle breakage 
66 120 Wrinkling + breakage   
67 325 Failure III - lack of feeding Triangle breakage 
68 400 Failure VI - overfeeding Right part 
69 400 Right part   
70 112 Failure V - flow rate control instability equal to test 69 
71 400 Right part   
72 112 Failure V - flow rate control instability equal to test 69 
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A.K Elastic-plastic modelling 
The Mises yield surface was used to model isotropic metal plasticity; an isotropic hardening 
plasticity integration algorithm was chosen for modelling the material plasticity behaviour; 
the elasticity of the material was assumed to be isotropic and was defined by providing the 
Young’s modulus and the Poisson’s ratio. The governing equations of the elastic-plastic 
modelling used as well as the integration procedure are based on HKS Inc., Abaqus 
documentation, and Simulia website [HKS 2001, ABAQUS 2008, SIMULIA 2010].  
Elasticity governing equations 
The elasticity of the material was assumed to be isotropic and was defined by providing the 
Young’s modulus and the Poisson’s ratio. The following equations are applicable: 
2el elij ij kk ij      (Eq. A-55) 
Or in a Jaumann (corotational) rate form: 
2J el elij ij kk ij       (Eq. A-56) 
The Jaumann rate equation is integrated in a corotational framework: 
2J el elij ij kk ij          (Eq. A-57) 
Plasticity governing equations 
The yield stress increases (or decreases) uniformly in all stress directions as plastic 
straining occurs. The following equations are applicable.  




ij ij yS S     (Eq. A-58) 
 Where the deviatoric stress S  is given by: 
1
3ij ij ij kk
S      (Eq. A-59) 
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 Equivalent plastic strain: 
0
tpl pl dt     (Eq. A-60) 




ij ij      (Eq. A-61) 









   (Eq. A-62) 
Integration procedure 





ij ijS S   (Eq. A-63) 
Where: 
0 2prij ij ijS S      (Eq. A-64) 
If the elastic predictor is larger than the current yield stress, plastic flow occurs. The 
backward Euler method is used to integrate the equations. 
After some manipulation, the problem can be reduced to a single equation in terms of the 
incremental equivalent plastic strain: 
 3pr pl ply        (Eq. A-65) 
This equation is solved with Newton’s method. After the equation is solved, the following 








ij ij      (Eq. A-67) 









  (Eq. A-68) 
 Implicit formulation 
The consistent Jacobian can be readily obtained: 
* * *2 3
1 3ij ij kk ij ij kl kl
h
h
         

 
         







  (Eq. A-70) 
* *2
3








  (Eq. A-72) 
 Explicit formulation 











 (Eq. A-73) 
Where y  is the yield stress and 
pl
yh d d   is the plastic hardening at the beginning of 
the increment. The Jacobian is not required. 
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A.L Flow rate control modelling 
This technique consists basically in the representation of a cavity in hydrostatic conditions 
by the coupling of the fluid strain and the generated pressure in the cavity surface. Thus, 
the fluid volume is a function of the fluid pressure p, the temperature T and the mass m: 
 , ,V V p T m  (Eq. A-74) 
The volume of the cavity V and the obtained volume as a function of the pressure and the 
temperature have to be the same value: 
0V V   (Eq. A-75) 
And the virtual work made due to the pressure inside the cavity is expressed as: 
 p V p V V          (Eq. A-76) 
Where    is the expression of the incremented virtual work and   is the expression of 
the virtual work without taking the cavity into account. 
In the case of adding to or reducing fluid from the cavity, the variation of the fluid volume 
for a constant temperature is: 
   , ,
mV p T
p T
   (Eq. A-77) 
For the discretization of the fluid cavity surface elements that cover the boundary of the 
fluid cavity are used (Fig. A-15). All hydrostatic fluid elements associated with a given 
cavity share a common node known as the cavity reference node. This cavity reference node 
has a single degree of freedom (degree of freedom 8) representing the hydrostatic pressure 
inside the fluid cavity. 
A fluid cavity reference node should not be used to define the nodes of other element types 
except for fluid link elements. The location of the cavity reference node depends on the 
model geometry. The hydrostatic fluid elements appear as surface elements that cover the 
cavity boundary, but they are actually volume elements when the cavity reference node is 
accounted for. 
For the WTHF process simulation, the fluid inside the tube has been modelled by F3D4 
elements (4-node linear 3-D quadrilateral hydrostatic fluid elements). Fig. A-15 depicts the 
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F3D4 fluid volume element; the dashed lines indicate that the element is actually 















Fig. A-15. Model of fluid-filled tube (left); F3D4 hydrostatic fluid element (right). Based on Abaqus 
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